| INTRODUCTION
Former employees at automotive electronics manufacturing facilities in Huntsville, Alabama have raised concerns over a suspected excess of mortality among their colleagues. The facilities were closed in 2010, however, public knowledge of soil contamination with chlorinated organic solvents at one plant site and asbestos contamination of at least one plant building has increased worker's concerns over potential health hazards associated with employment at the facilities. In 2015, local members of the United Autoworkers (UAW) produced an employee-generated list of deceased workers and requested that the UAW Health and Safety Department evaluate a perceived elevated rate of mortality among former employees. The UAW requested epidemiologic support to investigate worker concerns.
The Huntsville facilities primarily manufactured electronic printed circuit boards for automotive engine, body, and dashboard components for Chrysler and other manufacturers from 1971 to 2010.
Interviews with former employees and UAW health and safety representatives at the facilities indicated that workers were exposed to trichloroethylene (TCE), lead fumes from molten solder, fiberglass dust, and asbestos in plant walls. Local news articles have reported that
Institution at which the work was performed: University of North Carolina at Chapel Hill. soil and groundwater at one plant site are contaminated with chlorinated solvents and other industrial agents as confirmed by testing conducted in the 1990s. 1, 2 Previous studies among workers employed at electronics and computer manufacturers in the U.S. have indicated exposure to lead-based solder and chlorinated solvents, including TCE and 1,1,1-trichloroethane, to be of particular concern for worker health due to the known toxicity of these agents to several major organ systems. [3] [4] [5] [6] [7] [8] [9] [10] [11] Previous mortality studies among hourly UAW members in the large UAW-Ford and UAW-GM cohorts reported lower standardized all-cause mortality rates among workers relative to the U.S. general population, 12, 13 which is characteristic of "healthy worker" effects common in occupational studies of mortality. 14 The objective of this study was to investigate concerns about excess mortality among 4396 hourly and salaried UAW members everemployed at automotive electronics manufacturing facilities between 1972 and 1993 in Huntsville, Alabama. Cause-specific mortality rates in the study cohort were compared externally with U.S. and Alabama general population rates using standardized mortality ratio (SMR)
analyses. Mortality estimates were stratified according to worker sex, race, and calendar period of first employment with examination of "healthy worker" effects. This investigation involved the enumeration of a novel cohort with primary ascertainment of mortality and cause of death.
| METHODS

| Study setting
Automotive 
| Study population
The study cohort includes 4396 hourly and salaried UAW members employed for any duration at any Chrysler electronics facility in
Huntsville between 1972 and 1993. The cohort was enumerated for the purposes of this investigation from national UAW employment records generated through a joint UAW-Chrysler agreement. Individuals were selected into the study cohort from the national records if their work history contained a plant code corresponding to any of the Chrysler electronics facilities in Huntsville during the calendar years for which records were available (1967-1970 and 1972-1993) . The employment records used for this investigation were updated biannually and include company work history for the entire study cohort during the observed employment period. The records were accessed in computerized format and included a skilled trade job code and yearly indications of employment at specific Chrysler plant codes. The three available plant codes at the Huntsville facilities correspond to Plant 1 and 2 (combined), the military plant, and Plant 3. The study cohort includes both hourly and salaried UAW members, as it was not possible to distinguish workers in each pay grade with the available data. The titles of skilled trade job codes could not be identified with available UAW information. Salaried UAW members generally worked in non-production, non-managerial jobs such as engineering or clerical work. It is estimated that approximately 10% of UAW members employed at the Huntsville facilities were salaried employees.
All individual employment records were linked with the most current version of the UAW pension information system at UAW offices (Solidarity House) in Detroit, Michigan to obtain missing birth date, sex, and race information and to verify information provided in the UAW employment records. A total of 3631 (83%) individuals in the cohort matched in the UAW pension system using the social security number (SSN). A subset of 952 records were additionally searched in a commercial public information database (LexisNexis Accurint) to obtain demographic information that remained missing after the pension linkage. The search included consumer/marketing and U.S.
voter registration databases and was conducted using complete name and SSN. The search provided the birth date or sex for all individuals and race for 48% of the 883 individuals missing this information. A separate search of LexisNexis Accurint was also conducted to obtain the last known state of residence of all individuals in the study cohort to improve the search and match criteria of mortality follow-up. There were no exclusions applied to the study cohort based on missing data.
The study protocol was approved by the (University of North Carolina at Chapel Hill) Institutional Review Board. 
| Exposure characterization
| Mortality and cause of death ascertainment
Vital status of the study cohort was ascertained through December 5th, 2016 using three sources: the Social Security Death Index (SSDI), the UAW pension information system, and the National Death Index (NDI SMRs using each referent population were stratified by sex and race to evaluate differences in mortality patterns according to these characteristics. Stratification was done using a crossclassification of the sex and race variables. Since building-specific work history was unavailable, SMRs were also stratified according 
| RESULTS
Descriptive characteristics of the study cohort are presented in Table 1 . The study cohort of 4396 workers was majority female (58%), White (80%), and had a median age of 66 years (Interquartile   Range; Table 2 presents estimates of relative cause-specific mortality in the overall cohort using both referent populations. After standardizing to the age, sex, race, and calendar year distribution of the study cohort, the all-cause mortality rate in the study cohort was similar to the U.S. general population referent rate (SMR 1.01, 95%CI
| Mortality in the overall cohort
0.95-1.07). Relative to U.S. referent rates, there was a deficit of all-cancer mortality, however, mortality due to malignant neoplasms of the brain and nervous system (12 deaths, SMR 1.31, 95%CI 0.67-2.28), multiple myeloma (9 deaths, SMR 1.47, 95%CI 0.67-2.78), and esophageal cancer (10 deaths, SMR 1.22, 95%CI 0.59, 2.25) showed elevated but imprecise estimates of excess mortality. The number of observed deaths due to ischemic heart disease and hypertension with heart disease was lower than the expected number. However, there was a significant excess of mortality due to cardiac conduction disorders (66 deaths, SMR 3.74, 95%CI 2.89-4.76) and "other" heart diseases. There were no excesses of death due cerebrovascular disease or diseases of the arteries, veins, and lymphatic system.
There was an indication of excess deaths due to hypertension without heart disease (11 deaths, SMR 1.32, 95%CI 0.66-2.36). For other causes of death of a priori interest, there was an excess of deaths due to nervous system disorders (46 deaths, SMR 1.24, 95%
CI 0.91-1.65), which included an elevated but highly imprecise estimate for multiple sclerosis. There was also an excess in the number of deaths due to diseases of the genito-urinary system, including chronic and unspecified nephritis and renal failure (17 deaths, SMR 1.22, 95%CI 0.71-1.95).
SMR estimates using the Alabama referent rates were generally lower than those obtained using the U.S. rates and demonstrated equivalence or deficits between the observed and expected number of deaths for most causes (see Table 3 ). Using the Alabama rates, there was a significant deficit in the all-cause SMR, and SMRs did not indicate excess mortality for several causes observed to be in excess using the U.S. rates, including cardiac conduction disorders, "other" heart diseases, hypertension without heart disease, nervous system disorders (overall), or diseases of the genito-urinary system. However, there was still a greater than expected number of deaths for malignant neoplasms of the brain and other nervous system sites (SMR although estimates for these causes were imprecise. Among White males, the number of deaths due to all-causes was similar to the expected number. Cause-specific SMRs were significantly elevated for cardiac conduction disorders and "other" heart diseases. For causes of a priori interest, there was an excess number of deaths due to acute glomerulonephritis and renal failure, "other" (primarily liver) diseases of the digestive system, and nervous system disorders.
| Mortality according to sex and race group
Among Black (or other) individuals, the number of deaths due to all causes was similar to the expected number among Black (or other)
females, but showed a large deficit among Black (or other) males using U.S. referent rates (supplemental Table SB ). Estimates for causes of a priori interest were highly imprecise. However, there were excesses of mortality due to all cancers (combined) and lymphatic and hematopoietic cancer among both Black (or other) females and males.
There was some indication of excess mortality due to nervous system disorders and hypertension without heart disease among Black (or other) females and chronic nephritis and renal failure among Black (or other) males.
Results using Alabama referent rates showed the same pattern in sex-and race-stratified analyses to estimates obtained using U.S. Table 4 presents SMR results among those hired before and after the construction of Plant 2 in 1977 using U.S. referent rates. Overall, SMR estimates were elevated in the early (<1977) compared to the late (≥1977) hire group. In the early hire group, there was a small excess in the number of deaths due to all-causes and a large but imprecise excess of deaths due to brain and other nervous system cancers. There Ever-worked at other Chrysler plant, n(%) 914 (21) IQR, interquartile range. was an excess number of deaths for several causes of a priori interest, including cerebrovascular disease, diseases of the genito-urinary system, and digestive system diseases. In the late hire group, SMR estimates showed deficits or equivalences in mortality for most causes of death with the exception of a moderate excess observed for nervous system disorders. In both groups, the all-cause SMR increased monotonically with increasing time from first hire to end of follow-up.
| Mortality according to employment characteristics
SMRs generally remained elevated in the early hire group relative to the late hire group in all categories of years since first hire, including the ≥30 year category. There was little evidence of differences in relative mortality using other (1983 and 1989) calendar year stratifications (not shown). Table 5 presents SMR results according to observed employed and post-termination person-time using U.S. referent rates. During employment, there were large deficits in mortality due to all-causes and for all major cause of death categories. After termination of employment, there was a small but significant excess of all-cause mortality in the study cohort. There were also small but precise estimates indicating excesses of mortality due to cerebrovascular disease, diseases of the digestive system, and nervous system disorders. SMR estimates for nearly all causes of death were greater during the period after termination of employment than during the total at-risk period from first employment to end of follow-up.
| DISCUSSION
The overall study cohort exhibited an all-cause mortality rate similar to that of the U.S. general population standardized to the age, sex, race, and calendar-year characteristics of the study cohort. However, the relative all-cause mortality rate in the study cohort is greater than that reported in other UAW-based cohorts, as the company-wide UAWFord cohort of nearly 200 000 hourly employees and the UAW-GM cohort of over 45 000 hourly metalworkers in Michigan, both reported small deficits in all-cause mortality relative to the U.S. population with similar lengths of follow-up. 12, 13 The greater all-cause SMR estimate in the study cohort relative to the UAW-Ford cohort persisted with stratification according to all sex-and race-specific subgroups except for non-White males, who had similar estimates. Our results also showed that workers hired prior to 1977 at the original Plant 1 building had a greater standardized all-cause mortality rate relative to U.S. referent rates, which is consistent with worker concerns over adverse working conditions and elevated exposure at this facility. Typically, estimates of lower-than-expected all-cause mortality relative to general population rates are reported in occupational studies due to "healthy worker" hire effects, whereby relatively healthier individuals are more likely to seek and be offered employment. 14 In this study, however, we did not observe a deficit in all-cause mortality in the overall cohort relative to U.S. referent rates, and we observed small excesses of all-cause mortality among women and pre-1977 hires. For mortality due to specific causes of a priori interest based on lead, TCE, and 1,1,1-trichloroethane exposure, we observed moderate excesses of brain and nervous system cancer mortality and non-malignant nervous system disorder mortality in the study cohort.
Previous studies of mortality hazards associated with electronics manufacturing occupations in the U.S. consist primarily of analyses of employees at IBM facilities. 3, 5, 21, 22 Researchers at NIOSH conducted a mortality investigation among 34 494 workers employed at an IBM facility in New York state that also primarily manufactured electronic circuit boards in response to complaints over chlorinated solvent contamination of surrounding soil and groundwater. 3 At the IBM facility, historical exposure reconstruction estimated that large proportions of the cohort were ever-exposed to chlorinated solvents (mainly TCE and 1,1,1-trichloroethane) and lead-based solder. 4 External comparison results from the NIOSH investigation indicated large deficits of mortality due to all causes and all cancers among hourly males and females relative to U.S. referent rates, however, there was a significant excess of deaths due to non-Hodgkin lymphoma (SMR 1.49, 95%CI 1.15-1.89) among hourly males. Internal comparison results indicated that ≥5 years of employment in a circuit board manufacturing building was significantly associated with an elevated rate of leukemia mortality and that cumulative tetrachloroethylene exposure was significantly associated with elevated rate of nervous system disease mortality. Our results showed no evidence of excess mortality due to non-Hodgkin lymphoma, leukemia, or lymphatic and hematopoietic (overall) cancer mortality, however, we observed a moderate excess of nervous system disorder mortality. Investigators of the IBM cohort suggested that the youth of the cohort and low proportion of decedents limited the inferences able to be made from their results, as the mean age of hourly workers surviving to the end of follow-up was only 59 years.
Our findings indicated a moderate excess of non-malignant nervous system disorder mortality in the study cohort compared to U.S. referent rates. Nervous system disorders were of particular a priori interest in this investigation given that both lead and chlorinated solvents are toxic to the central nervous system. 6, 7, 10, 23, 24 A review by the U.S. Environmental Protection Agency (EPA) concluded the central nervous system to be the most sensitive target for 1,1,1-trichloroethane toxicity in humans. 7 Our estimate of excess nervous system disorder mortality in the overall cohort was precise and close to solvents in the mid-1980s, suggesting workers there may have been more highly exposed to these chemicals through vapor intrusion into the facility, contaminated plant drinking water affected by groundwater infiltration, or the disposal of solvents into containment systems.
The soil contamination also occurred on a recreational area and baseball field adjacent to the plant building used by workers during break times. The observed excess of mortality due to nervous system disorders in the overall cohort was driven by both multiple sclerosis mortality, which showed a large but highly imprecise excess relative to both U.S. and Alabama referent rates, as well as "other" nervous system diseases, which consisted of a majority of deaths due to Alzheimer's and Parkinson's disease. Cause of death reporting on death certificates is relatively insensitive to the ascertainment of nervous system disorders, as neurological conditions are less likely to be reported compared to other competing causes of death. 25, 26 However, we do not expect the ascertainment of nervous system disorder mortality in the cohort to be more sensitive than that reflected in national rates. Our finding of excess nervous system disorder mortality in the study cohort is consistent with results from the company-wide analysis of decedents employed at IBM, where the proportion of nervous system disorder deaths was reported to be in statistically significant excess compared to the U.S. referent (point estimate not provided). 5 Our results indicated a moderate excess in mortality in the study cohort due to malignant neoplasms of the brain and other parts of the nervous system. Estimates for this cause should be treated with caution since they are based on only 12 deaths due to the rare incidence of these cancers, however, the excess was observed using both referent populations. The excess was substantially more pronounced among those hired before 1977, when overall exposure to plant processes was presumed to be greatest and operations were confined to the original Plant 1 building with more limited worker protections. Several previous studies have shown employment in electronics manufacturing jobs to be associated with elevated risk of brain or nervous system cancer mortality. Obs, observed number of deaths in the study cohort; MN, malignant neoplasm; SMR, standardized mortality ratio; CI, confidence interval. a Referent rates are standardized according to the age, sex, race, and calendar year distribution of the study cohort.
workers relative to the U.S. population. 5 This finding is consistent with results from an analysis of 583 deceased hourly UAW members employed at an aerospace electro-mechanical systems facility, which also reported an elevated proportion of brain and nervous system cancer mortality. 30 A case-control study of 2173 male brain cancer decedents identified through occupational mortality surveillance in the U.S. between 1985 and 1986 also reported a significantly elevated odds of mortality associated with electrical work in manufacturing industries. 29 Exposure to specific chlorinated solvents used in electronics manufacturing has also been associated with brain or nervous system cancer in other studies, [31] [32] [33] including one study that included biological measurements of exposure to three chlorinated solvents and cancer incidence follow-up in Finland, 34 although evidence for this relationship remains inconsistent. 35, 36 Our results showed that workers hired prior to 1977 experienced an elevated all-cause mortality rate relative to the U.S. general population and also a greater mortality ratio than those hired during or Other causes of death of note in the cohort include one death due to asbestosis and one death due to toxic effects of non-petroleum solvent exposure, which is a category that includes chlorinated hydrocarbon solvents. Asbestos was reported by UAW members to be present in at least one of the original plant buildings. There were also three deaths due to spinal muscular atrophy and related syndromes, which includes amyotropic lateral sclerosis (ALS). ALS is a nervous system disorder that has been shown to be associated with chronic occupational lead exposure in a meta analysis, 37 although external comparisons for this cause of death could not be performed due to lack of more specific cause of death data and corresponding referent rates.
We did not observe excesses of mortality for causes strongly related to smoking. The rate of death due to trachea, bronchus, and lung cancer and chronic obstructive pulmonary disease (COPD) in the study cohort was the same as the U.S. referent rate, suggesting that patterns and prevalence of smoking in the study cohort were similar to the U.S.
average.
Our results showed evidence of "healthy worker" effects as anticipated. We observed a lower mortality ratio estimate among Black suffer from a greater all-cause mortality rate than the general White population. We also observed a significant excess of all-cause mortality in the cohort after observed termination of employment, which has been shown previously in other occupational cohorts. 18 This estimate is likely conservative given that the actual date of termination was in fact later than the last year of available work history for approximately half the cohort (n = 2,212). Our analysis of excess mortality stratified according to number of years from first hire to end of follow-up showed a monotonic increase in all-cause mortality estimates with increasing time since hire. This is consistent with the phenomenon of worker health status regressing to the general population average over time typically observed in occupational cohort studies, which can lead to underestimations of mortality risk associated with exposures at work. 17 Results obtained using Alabama referent rates were subject to a stronger "healthy worker" effect than those using U.S. referent rates.
We observed large deficits in all-cause and cause-specific mortality relative to Alabama referent rates, which was anticipated given that Alabama has had one of the highest age-adjusted all-cause mortality rates and one of the lowest median house hold incomes in the U.S. Cardiovascular diseases were of a priori interest in this study given that lead causes hypertension even at low levels of exposure and has been associated with stroke, ischemic heart disease, and peripheral arterial disease. 11 Cardiac arrhythmias and other more acute cardiac effects have also been associated with occupational exposure to chlorinated solvents, including 1,1,1-trichloroethane and TCE. 40 However, the interpretation of results for cardiovascular diseases in this study is hampered by the elevated baseline incidence of hypertension and cardiovascular disease mortality in the southeast U.S.
and atypical coding practices for certain cardiovascular causes of death in this region. 41 We found a statistically significant threefold increase in cardiac conduction disorder mortality (a broad category of disorders including cardiac arrest) in the study cohort relative to U.S. referent rates, but this excess disappeared entirely when compared to referent rates in Alabama. The age-adjusted rate of cardiac conduction disorder mortality in Alabama from 1999 to 2016 is the highest in the U.S. and well exceeds that of the next highest states. 38 The observed excess of cardiac conduction disorders is likely a result of cause of death coding practices in Alabama, as the proportion of cardiac conduction disorder deaths among decedents who died in Alabama was significantly greater than that among decedents who died in other states (7% vs 0.8%, respectively). We also observed a significant excess of mortality for "other" heart diseases relative to the U.S. referent rates that showed a deficit relative to Alabama rates, which may also be attributed to Alabama-specific coding practices. In addition, hypertension has been shown to be underreported as an underlying cause of death on death certificates across the U.S. 42 Characterization of cardiovascular disease risks, including hypertension and stroke, may be better conducted through internal comparisons to improve the interpretability of results.
Our results showed little evidence of excess mortality for the a priori causes of interest of lymphatic and hematopoietic cancer, kidney diseases, and liver diseases. Estimates for several minor causes in these disease categories were too imprecise to make inferences. The
International Agency for Research on Cancer (IARC) monograph on chlorinated solvents concluded that TCE exposure causes kidney cancer and has been associated with non-Hodgkin lymphoma and liver cancer in several studies. 43, 44 We observed only one kidney cancer death and estimates indicated a significant deficit of deaths due to this cause in all analyses. There was also no excess of deaths due to nonHodgkin lymphoma. These findings could be explained by either a low prevalence of TCE exposure or an inadequate length of follow-up, as the median age at death in the U.S. for both kidney cancer and nonHodgkin lymphoma is 5 and 10 years greater than the median age of the cohort (66 years), respectively. 45, 46 Our results did suggest a moderate excess of deaths due to multiple myeloma using both referent populations, although estimates were based on only nine deaths and were highly imprecise. Several well-designed studies have shown chlorinated solvent exposure to be associated with risk of multiple myeloma, with the strongest relationship purported for 1,1, 1-trichloroethane exposure. 34, [47] [48] [49] [50] Diseases of the kidney and liver were of a priori interest as lead and TCE are toxic to the kidney, and TCE and 1,1,1-trichloroethane have demonstrated liver toxicity. 6, 7, 9, 51 Estimates were suggestive of excess mortality for acute glomerulonephritis and renal failure relative to both the U.S. and Alabama referent rates, but were highly imprecise. There was little indication of excess mortality due to malignant or non-malignant liver diseases in the cohort. The primary limitation of this study is the lack of exposure assessment. We were unable to identify job-or departmentspecific work history or distinguish between hourly and salaried employees with available data. In general, there was good concordance between sources used to ascertain the presence of were more likely than men to hold non-skilled or non-salaried jobs with greater potential exposure to production processes. The study cohort experienced an elevated rate of mortality due to brain and nervous system cancers as well as nervous system disorders relative to the U.S.
referent, which is consistent with previous studies of workers with occupational exposure to lead and chlorinated solvents. We observed evidence of asbestos exposure in the cohort, although the prevalence and source of this exposure is unknown. The relatively small size of the cohort led to imprecise estimates for some causes of a priori interest, which limited the interpretation of our findings. The observed mortality excesses warrant further investigation of hazards at the facilities using process-specific exposure information obtained from company sources. Limitations stemming from the reliance on mortality outcomes and low statistical power for malignant disease could be overcome through the ascertainment of cancer incidence using available residential history data and follow-up with state cancer surveillance registries.
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